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ABSTRACT: 1,4-bis(2-(cyclopenta-1,3-dien-1-yl)ethyl)cyclopenta-1,3-diene [CCD] is one of the interesting oligomer with high
charge carrier mobility and chemical stability. Based on the density functional theory (DFT), the electronic characteristics of four
CCD molecules with various hetero atom substituents are investigated. The electronic of four CCD molecules with different hetero
atom substituents are explored based on the density functional theory (DFT). The effects of substituents on the molecular structure,
molecular orbitals, ionization energies, electron affinities, reorganization energy and crystal packing are analysed in detail to clarify
the structure-property relationship of the studied molecules. The different crystal packing arrangements and intermolecular
interactions of the studied molecules lead to differences in transfer integrals when introducing different substituents to the CCD
molecule.

KEYWORDS: DFT Theory, lonization energies, Molecular orbitals, Reorganization energy

1. INTRODUCTION
In comparison to inorganic semiconductors, organic semiconductors have a number of advantages, including flexibility,
transparency, affordability, ease of large-area processing, and phenomenal structural modification space(Oh J Y, et al, 2016)—(Chen
Z, etal, 2012). They now serve as the fundamental building blocks of modern organic photoelectronic and microelectronic devices.
Organic photovoltaics (OPV), organic light-emitting displays (OLED), organic field effect transistors (OFETS), and organic
sensors(Zhang X, et al, 2018)—- (Zhang Y, et al, (2008) are just a few of the many potential applications for them. The development
of n-type organic semiconductors is limited, while the majority of investigated organic semiconductors are p-type. The majority of
organic semiconductors have access points of Donar-Acceptor, Acceptor-Acceptor, or Donar-Acceptor-Acceptor and comprise
electron-rich donars and electron deficient acceptors. Common donars include benzene (Kitamura M, et al,2008), acene, thiophene,
and thieno[3,2b]thiophene (Sirringhaus H, et al, 1999),. Because of their significant p-conjugation and remarkable chemical and
physical properties, oligothiophenes, linear arenes, and their derivatives are the most extensively investigated organic
semiconductors among all organic p-type and n-type conjugated materials. Pentacene, (Bhatia R, et al, 2019), a common linear
arene and the current industry standard for field-effect mobility in thin film devices, has a hole mobility of up to 5.5 cm?/Vs. It
appeared that the fused thiophenes and cyclopentadienes (Levandowski B J, et al, 2021), were well known for their higher stability.
Moreover, thiophene-based materials show a range of intra- and intermolecular interactions, including pi-pi stacking, weak hydrogen
bonds, and van der Waals interactions (Pham P T T, et al, 2014),. Particularly, the high polarizability of the sulphur atom in thiophene
rings causes sulfur-sulfurinteractions, which are crucial for achieving high charge mobility and establishing the transport network
(Duan Y A, et al, 2014), These interactions may have a significant impact on the solid-state packing of the species involved.
Thuscyclopenta-dienes based molecules were incorporated into the new design approach for OSCs in order to produce high-
performance OFETSs.

The optoelectronic properties of these compounds appear to be significantly influenced by the substituted position of the
hetero atoms; Nitrogen, Oxygen and Sulphur in the 5-membered ring, according to earlier studies (Zhang Y, et al, 2008),
(Paramasivam M, et al, 2018), — (Liu J, et al, 2013). To discover appropriate materials for device applications, however, design and
comprehension of the impact of various substitution on optoelectronic properties are required. Electronic structure simulations have
been carried out in the present work to undertake theoretical investigations on the structural, optoelectronic, and charge transport
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features of newly developedl,4-bis(2-(cyclopental,3-dien-1-yl)ethyl)cyclopenta-1,3-diene [CCD] and their derivatives. Figure 1
shows the chemical structure of the studied molecules.

2. COMPUTATIONAL METHODOLOGY

The neutral and ionic state geometries of CCD and its derivatives have been optimised using the density functional theory
(DFT) method with the B3LYP (Lee C, et al, 1988) — (Hohenberg P, et al, 1964) functional and 631G+(d,p) basis set (Del Bene J
E, et al, 1995). According to previous DFT research (Chen H Y, et al, 2006), the results obtained using the B3LYP functional are
recognised for their accurate predictions of the structural properties and agree with experimental data. The ideal geometry of the
molecules under study was confirmed by vibrational frequency analysis with zero imaginary frequencies. The UV-vis absorption
spectra of all the studied molecules under investigation have been calculated using TD-DFT (Furche F, et al, 2005) calculations at
the CAM-B3LYP/6-311g(d,p) level of theory (Yanai T, et al, 2004). The long-range corrected functional CAM-B3LYP yields
precise results for calculations of excited states. The calculations above were performed using the Gaussian09 software suite (Frisch
G M, etal., 2009).

The examined molecule's ionisation potential (IP), electron affinity (EA), hole extraction potential (HEP), and electron
extraction potential (EEP) were calculated using the following equations (Tavernier H L, et al, 1998), (Krishnan S, et al, 2021).

VIP = E*(g°) — E°(9°) (1)
AIP = E*(g*) — E°(g°) 2)
VEA=E%(g°) — E~(g 3
AEA=E°(g%) — E-(g7) 4)
HEP =E*(g*) — E%(g") ®)
EEP=E%g~)—E~(97) (6)

Thus, Eo(go) denotes the optimal ground state energy of the neutral molecule, E+@o) denotes the total energy of an ion in
optimised neutral geometry, E+(g+) denotes the energy of an ion in optimised ionic geometry, and Eo(g:) denotes the energy of the
neutral molecule in ionic geometry.

The external contribution to the reorganisation energy is not included in the computation of the internal reorganisation
energy in the present work, which uses the adiabatic potential energy surface approach. The energy change caused by structural
relaxation while shifting from an electro-neutral to a charged molecular state, and vice versa, is provided by Equations.

A= (E*(g°) — E*(g%)) + (E°(g*) — E°(9")) Y]

Using the CrystalExplorerl7 software (Spackman P R, et al, 2021), the Hirshfeld surface and 2D fingerprint were plotted in the
investigation of the interactions between the molecules in the crystal structure.

3. RESULTS AND DISCUSSION
3.1 Molecular structure and frontier molecular orbitals.

The geometry of CCD and their derivative compounds that were optimized at the B3LYP/6-31G+(d,p) level of theory is
shown in Figure 2. One of the key factors that controls the charge carrier mobility in conjugated organic compounds is planarity.
The optimal geometry of the investigated compounds reveals that the all the three cyclopentane with different hetero atom
substitutions are exhibited the co-planarity with the maximum deviation of about 2 A from the plane of the rings in CCD-S molecule.

The molecules' optoelectronic and charge transport capabilities depend on the energy and alignment of their frontier
molecular orbitals (FMO) (Khan M U, et al, 2018) — (Khan M U, et al, 2019). Thus, while adjusting the optical and electrical
properties of the molecules, a thorough investigation of the FMO of organic molecules is crucial. In Figure 3, the examined
compounds' LUMO and HOMO density plots are displayed. Figure 3 illustrates that, the substitution of the hetero atoms in the
cyclopentane ring does not affect the HOMO and LUMO of CCD molecules. HOMO is primarily focused on double bonds, i.e., on
the components C, O, and N. The LUMO, on the other hand, is primarily focused on single bonds, i.e., on S, C, H, and other
components.
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The HOMOLUMO energy gap of organic semiconductors typically lies between 1.4 and 4.2 eV on average (Chen Z, et al,
2017). The energy gap of the molecules under study extends from 2.35 to 2.95 eV, according to Figure 4 and thus all of the
investigated compounds are therefore organic semiconductors. According to Figure 3, the energy gap (Eg) widens as heteroatoms
are substituted on the cyclopentane rings of the CCD molecule. The CCD molecule with an NH substitution has the maximum band
gap of 2.95 eV. The predicted absorption energy for the electronic transition from HOMO to LUMO has been shown to be
comparable to the energy gap (Eg) value. The molecules with the smallest energy gap (Eg) have the smallest absorption energy or
the longest wavelength of absorption, as would be predicted.

3.2 Absorption spectra

The absorption spectrum is a crucial factor in determining the feasibility of the compounds under study in the optoelectronic
applications. Figure 5 illustrates the absorption spectra of the CCD-based molecules computed using the TD-DFT approach at the
B3LYP/6-31+g(d,p) level of theory. To better understand the characteristics and energies of singlet-singlet electronic transitions,
the first 10 low-lying electronic transition energies have been computed. Table 1 provides a summary of the calculated absorption
wavelength, energy, oscillator strength, and associated electronic transitions. The absorption transitions with oscillator strengths
greater than 0.01 are taken into account for the further discussion. The excitation of an electron from HOMO to LUMO causes the
lowest energy transition for all the molecules under study.

The CCD molecule's highest absorption peak is visible at 530 nm, and this wavelength correlate to the electronic transitions
from HOMO to LUMO. As seen in Figure 4, the substitution of hetero atoms had a major impact on the absorption spectrum as
revealed from the changes in the absorption maximum (Amax) 0f CCD-S, CCD-NH and CCD-

O molecules. From Figure 4, it can be seen that the substitution of hetero atom on the CCD molecule increased the peak's strength.
The maximum absorption wavelength of the hetero atom substituted CCD molecules exhibits blueshift incomparison to the CCD
molecule. The maximum blueshift in the Amax has been observed to be 94 nm greater for NH substituted CCD molecule.

Table 1: Calculated Absorption Energies (in eV), Wavelengths (in nm), Oscillator Strengths (in au), and the corresponding orbital
transitions of studied CCD molecules calculated at the B3LYP/6-31G+(d,p) Level of Theory

. Absorption .
Molecules Absorption wavelength Oscillator Orbital transitions
energy (eV) strength
(nm)
2.26 530 1.36 HOMO->LUMO (102%)
2.77 433 0.03 H-1->LUMO (42%), HOMO->L+1 (56%)
ccb H-1->LUMO (49%), HOMO->L+1 (37%), HOMO->L+2
3.44 349 0.14 (11%)
3.54 339 0.03 H-2->LUMO (13%), HOMO->L+2 (73%)
4.17 288 0.05 H-2->LUMO (40%), H-1->L+1 (48%)
2.58 465 1.49 HOMO->LUMO (101%)
3.19 376 0.04 H-1->LUMO (42%), HOMO->L+1 (56%)
CCD-S 3.73 321 0.09 H-1->LUMO (56%), HOMO->L+1 (40%)
H-4->LUMO (41%), H-3->LUMO (26%), H-2->LUMO
4.19 286 0.09 (26%)
4.30 279 0.08 H-5->LUMO (19%), H-1->L+1 (77%)
CCD-NH 2.75 436 1.47 HOMO->LUMO (100%)
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3.37 356 0.08 H-1->LUMO (34%), HOMO->L+1 (64%)
3.91 307 0.22 H-1->LUMO (64%), HOMO->L+1 (33%)
4.42 271 0.07 H-2->LUMO (34%), H-1->L+1 (64%)
2.72 440 1.38 HOMO->LUMO (101%)
3.31 363 0.04 H-1->LUMO (41%), HOMO->L+1 (57%)
CCD-O 3.97 303 0.38 H-1->LUMO (57%), HOMO->L+1 (41%)
4.39 273 0.03 H-2->LUMO (64%), H-1->L+1 (26%)
4.49 267 0.05 H-1->L+1 (61%), HOMO->L+5 (28%)

3.3 lonic State Properties

In semiconductor materials, such as field-effect organic transistors or organic light-emitting diodes, ionisation potential (IP) and
electron affinity (EA), which reflect the injection capabilities of holes and electrons and are connected to the redox energy of
electronic devices and environmental stability, are significant parameters. In general, p-type semiconductors need a low IP while n-
type semiconductors need a high EA. Itis typical to have both low IP and high EA for ambipolar semiconductor materials. According
to previous research studies, molecular materials can generally exhibit stable n-type semiconductor characteristics in the air when
their EA is in the range from 1 to 3 eV (Liu C C, et al, 2010), which can efficiently overcome the electron injection barrier and
assure effective injection into LUMO.The vertical ionization potential (IPV), adiabatic ionization potential (IPA), vertical electron
affinity (EAV), adiabatic electron affinity (EAA), HEP and EEP of cyclopentadithiophene derivatives calculated using Eq. (1) (6)
are summarizedin Table 2.

When various hetero atoms were are added to the cyclopentane rings, the vertical IPs of the CCD molecule, which have IPv and IPa
of 5.87 and 5.71 eV respectively, undergone a small variation.Among the studied compounds, CCD-S with the sulphur substitution
has the greatest IPs [6.36/6.22 eV]. All of these molecules are more stable and have antioxidative qualities in their natural
environments, as shown by the fact that their vertical IPs are higher than those of pentacene (5.94 eV) (Wang L, et al, 2016), and
the stable p-type material sexthiophene (5.80 eV) (Huang J D, et al, 2011). In comparison to CCD and CCD-S molecules, the IPs
of CCD-NH and CCD-O molecules decreased with the adiabatic and vertical ionisation potentials of 5.84/5.69 eV and 6.27/6.13
eV, respectively. Thus, the hole injection from the metallic electrodes is facilitated. CCD and CCD-S molecules have a lower lying
LUMO level than the other CCD based compounds, as seen in Figure 4, which enhances their ability to accept electrons. Injecting
an electron into the cationic geometry of the aNDT2 molecule is easier than that of the other analysed molecules because the HEP
of the CCD-NH molecule (5.53 eV) is determined to be lower than that of other assessed molecules. Moreover, both the CCDNH
and CCD-O have reduced EEPs. The trend in the difference between IP and EA is consistent with the calculated FMO energy gap

(EQ).

Table 2: The calculated vertical ionization potential (VIP), adiabatic ionization potential (AIP), vertical electron affinities (VEA),
adiabatic electron affinities (AEA), electron extraction potential (EEP), hole extraction potential (HEP),hole reorganization energy
(A+), and electron reorganization energy (A-) of the studied CCD based molecules in eV

Molecules | VIP AIP VEA AEA HEP EEP A M
CCD 5.87 5.71 1.07 1.22 5.55 1.36 0.29 0.32
CCD-S 6.36 6.22 1.14 1.27 6.07 1.40 0.27 0.30
CCD-NH 5.84 5.69 0.35 0.47 5.53 0.61 0.26 0.31
CCD-O 6.27 6.13 0.79 0.92 5.99 1.06 0.27 0.28
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3.4 Reorganization energies

One of the key elements affecting the rate of charge transport in organic semiconductors is the reorganisation energy. The
lower reorganisation energy allows for the higher charge transfer rate. Using Eq. (7) at the B3LYP/631G+(d,p) level of theory, the
reorganisation energy (A+.) of CCD derivatives in the presence of excess positive and negative charges has been determined and is
presented in Table 2.In the presence of positive and negative charges, CCD has a maximum reorganisation energy of 0.29 eV and
0.32 eV respectively among the molecules under study. According to Table 2, the reorganisation energy (A-) for the other CCD
derivatives is around 0.27 eV in the presence of negative charge. Internal rearrangement energies for electrons and holes in CCD-
Oare 0.27 eV and 0.28 eV, respectively and thus it reveals that energy associated with structural relaxation during hole and electron
transport, is in agreement with results from the structural parameters of neutral, cationic, and anionic geometries.

3.5 Crystal structures of CCD derivatives

The Polymorph Predictor module of the Materials Studio package (17.1.0.48) (2019), has predicted the crystal structures
of the CCD-systems using their ideal gas-phase conformations. For this calculation, the Polymorph Predictor quality was set to the
default fine level, which anneals the sample with a heating factor of 0.025 between 300.0 K and 100000.0 K using the Monte Carlo
simulation algorithm (Howell S C, et al, 2016). This algorithm have the maximum of 7000 steps, and it can tolerate 12 consecutive
steps before cooling. We've integrated the Dreiding forcefield and Gasteiger charges in this case. In the Cambridge Structural
Database, the ten most common space groups for organic compounds are listed as P21/c, P1, P212121, C2/c, P21, Phca, Pna21, and
Pbcn. We restrict our prediction to these ten space groups.The crystal structures were ranked by total energy, with the lowest
structure being utilised as the basis for subsequent calculations. Table 3 provides a summary of the CCD and its derivative's crystal
parameters with hetero atom substitutions.

Table 3: The unit cell parameters of predicted crystal structures of CCD based molecule.

Structure ZE;S; a(A) b(A) c(A) a(®) BC) 7¢) Volume (A3)
CCD P212121 | 31.325 11.770 4.037 90.0 90.0 90.0 1488.28
CCD-S P212121 | 33.109 3.916 11.637 90.0 90.0 90.0 1508.68
CCD-NH Cc2 11.394 3.653 33.021 90.0 88.9 90.0 1374.16
CCD-O Pbca 32.816 7.155 11.394 90.0 90.0 90.0 2675.27

3.6 Hirshfeld surface analysis

The Hirshfeld surface analysis aids in quantifying and visualising intermolecular interactions through the use of various
colours and intensities in graphical depiction. Hirshfeld surface analysis has been used to study numerous intermolecular interactions
in the crystal structure of organic molecules and complexes (Van Thong P, et al, 2022), AlResayes S I, et al, 2020), The normalised
contact distance (dnorm) maps of CCD and their functionalized molecules are displayed in Figure 6. Blue surfaces, indicates the
interactions that are farther apart, red surfaces display connections that are closer together than the VVan der Waals radii (distance
contact). The distance denoted by the white surfaces is represented by the sum of the van der Waals radii.Figure 6 also displays the
2D fingerprint plots and fragment patches, of CCD systems. The de and di on the plots represent the exterior and interior distances
from the surface to the nearest atom centre. Without a contribution, plot points are grey, whereas those that do range from blue to
green to red for the largest contributions.The H...H interaction significantly affects the overall surface in all CCD systems. In
addition to H...H interactions, N...H/H...N and O...H/H...O were the second-largest contributions in CCD-NH and CCD-O molecule.

4. CONCLUSION

Investigations on the electronic and optical properties of 1,4-bis(2-(cyclopenta-1,3-dien-1-yl)ethyl)cyclopental,3-diene
[CCD] based molecules with various heteroatom substitutions. Sulfur, Nitrogen, and Oxygen heteroatoms were substituted into each
of the three cyclopentane rings, forming the molecules CCD-S, CCD-NH, and CCD-O, respectively. When these substitutions were
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made, it changed the molecule's energy levels, which significantly changed the absorption spectra as compared to the unsubstituted
CCD molecule. It was found that the CCD molecules have promise in optoelectronics by the analysis of their absorption spectra.
The unsubstituted CCD and CCD-S molecules are n-type semiconducting materials, according to the predicted ionisation
characteristics, while the CCD-NH and CCD-O molecules are p-type materials.The current work sheds information on the
development of novel organic semiconductors for optoelectronic uses. Among the molecules, CCD has a maximum reorganisation
energy of 0.29 eV and 0.32 eV, in the presence of positive and negative charges. In order to understand the intermolecular
interactions between CCD molecules. From the electronic investigation of CCD systems, it was concluded that, CCD and CCD-S
exhibits n type characteristics, while CCD-NH and CCD-O reveals its p-type characteristics. Hirshfeld surface analysis was also
performed. The 2D fingerprint plot of the crystal structures of the CCD systems was examined, and it was found that the O...H/H...O,
S...H/H...S, and N...H/H...N interactions were the most prominent considerations after the H...H interactions.

This work thus highlights novel organic semiconductors for optoelectronic applications.
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Fig 1: Chemical structures and their abbreviated notations (AN) of the studied CCD-based molecules
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Fig 2: Optimized geometry of CCD and its derivatives at B3LYP/6-31+G(d,p) level of theory.
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Fig 4: The HOMO (blue bars) and LUMO(orange bars) energy levels and energy gaps for the studied molecules obtained
from B3LYP/6-311G(d,p) level of theory.
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Fig 5: Absorption spectrum of the studied CCD molecules calculated at the B3LYP/6-31+G(d,p) level of theory
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Fig 6: Predicted crystal structures of (a) CCD, (b) CCD-S, (c) CCD-NH and (d) CCD-O molecules
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Fig 7: Hirshfeld surface of and 2-dimensional fingerprint plot of intermolecular interactions of CCD systems.
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